29 Unique morphologies of rod and cone photoreceptor presynaptic terminals permit the formation 30 of synapses onto interneurons during retina development. We integrated multiple "omics" 31 datasets of developing rod and S-cone-like photoreceptors and identified 719 genes that are 32 regulated by NRL and CRX, critical transcriptional regulators of rod differentiation, as 33 candidates for controlling presynapse morphology. In vivo knockdown of 72 candidate genes in 34 the developing retina uncovered 26 genes that alter size and/or positioning of rod spherules in 35 the outer plexiform layer. Co-expression of seven cDNAs with their cognate shRNAs rescued 36 the rod presynapse phenotype. Loss of function of four genes in germline or by an AAV-37 mediated CRISPR/Cas9 strategy validated RNAi screen findings. A protein interaction network 38 analysis of the 26 positive effectors revealed additional candidates in the NRL/CRX-regulated 39 presynapse morphology-associated gene network. Follow-up knockdowns of two novel 40 candidates support the proposed network. Our studies demonstrate a requirement of multiple 41 components in a modular network for rod presynapse morphogenesis and provide a functional 42 genomic framework for deciphering genetic determinants of morphological specification during 43 development.
162 suggesting an intrinsic and stringent synergistic and antagonistic control of presynapse terminal 163 morphology to refine the size of the rod spherule.
164
To validate RNAi screen and reject type I errors, we performed rescue of the spherule 165 phenotype by coexpressing the cDNA of the targeted gene with modifications in the shRNA-166 binding site ( Fig. S4) with the original shRNA. Introduction of four cDNAs (Dpf3, Grtp1, Kcnj14, 167 and Rab28) together with their respective RNAi molecule prevented or reduced the increase in 168 spherule width that was observed with RNAi alone, demonstrating the target specificity of the 169 evaluated knockdowns ( Fig. 3C,D ; Table S1 ). 170 171 RNAi screen and phenotype rescue for spherule positioning in OPL 172 We then examined the OPL sublamina location of the rod spherules using the same strategy.
173 The relative distance of the spherule from the top of bipolar cell nuclei provided measurements 174 similar to the ribbon location as determined by Ribeye staining ( Figure S2 ). ShRNA-knockdown 175 of 23 out of 72 genes tested by electroporation in the mouse retina impacted the spherule 176 location in the OPL (Fig. 4A ,B,C; Table S1 ). Of these, 14 gene knockdowns resulted in patterns 177 similar to native S-cones (e.g., Kcnj14), and nine additional genes deviated significantly from 178 rod spherule controls with an intermediate sublamina location between the rod and cone 179 terminals (e.g., Ncoa2). Both spherule width and sublamina location were affected by 180 knockdown of four genes -Epb4.1l2, Kcnj14, Llgl2, and Rom1 (Figs. 3B, 4C).
181
Altered OPL positioning phenotypes detected by RNAi could be rescued by concomitant 182 injection of cDNAs for four genes -Arl2bp, Ext1, Kcnj14, and Snta1 (Fig. 4D ,E; Table S1 ).
183 Curiously, Dpf3 cDNA prevented the shRNA-mediated increase in spherule size but 184 exacerbated the OPL position phenotype. The introduction of Unc119 cDNA lessened the 185 impact of RNAi on the OPL position. These data validated the knockdown specificity for 186 synapse location and our overall approach for identifying genes associated with spherule 9 10 214 synapse-associated ontology terms (Figs. 6C, S5D). We predict that several proteins in these 215 interaction pathways would contribute to spherule formation, and together with their cognate 216 interactors, represent the gene network underlying photoreceptor presynapse morphogensis 217 (hereafter termed Presynapse Morphology Associated Network, PMAN; Figure 6B ). Two 218 observations were apparent from PMAN; (i) the capture of primary photoreceptor transcription 219 factor interactions (Nrl-Crx-Nr2e3) in a single anticipated pathway, and (ii) a strategic placement 220 of Ncoa2 based on its high degree of connectedness and betweeness-centralitiy, implicating its 221 importance in the network (Fig. 6B ).
222
To experimentally evaluate the network, we selected two candidate genes, Smarcd3 and 223 Ywhae, from the PMAN shortest paths ( Fig. 6B ). In vivo RNAi knockdown of these two genes in 224 the developing mouse retina demonstrated aberrant rod spherule morphology (Fig. 6E ). The 225 significance of PMAN is highlighted by the capture of Smarcd3, a novel candidate that was not 226 present in the initial shortlist of 719 candidates. These studies provide strong support to the 227 premise of our protein interaction network and allow us to propose a modular organization of the 228 gene regulatory network controlling presynapse development. With regulators such as NRL and 229 CRX at the top of the hierarchy as primary drivers of rod differentiation, the presynapse terminal 230 phenotype is guided through key co-regulators (e.g. Add1, Dpf3, Ncoa2, Ywhae) to produce 231 precise native spherule structures ( Fig. 6D ).
233 Discussion
234 Complex information processing in the nervous system is made possible by distinctive cellular 235 architecture and highly-organized circuitry of neurons. How diverse morphologies of specialized 236 neurons are acquired is poorly elucidated at the molecular level. Development of synaptic 237 circuitry is hardwired into the genetic program (38). Therefore, a comprehensive delineation of 238 connectivity between one population of neurons to another would require a better understanding 240 and dendritic branches during synaptogenesis and for neurotransmission. In the OPL of the 241 retina, rod and cone photoreceptors construct the first visual synapse with bipolar and horizontal 242 neurons. Recent studies have begun to unravel the structural and molecular underpinnings of 243 the photoreceptor ribbon synapse (39, 40). In addition to Ribeye (41) and Piccolino (a splice 244 variant of Piccolo) (42), a few molecular components have been associated with precise 245 photoreceptor presynapse morphology and wiring with bipolar cells; these include scaffold 246 protein 4.1G (also called Epb4.1l2), cell adhesion protein ELFN1 (43), and extracellular proteins 247 Pikachurin (44) and auxillary calcium channel subunit 24 (45). Here, we define a set of 26 248 new molecular determinants that limit the size and/or axonal positioning of the spherule in the 249 appropriate sublamina, two essential features associated with functional specificity of the rod 250 photoreceptor synapse. We predict that augmented expression of these genes in cones would 251 produce rod-like terminals. Almost one-third of the candidate genes selected after gene filtering 252 demonstrated an altered spherule phenotype by RNAi-knockdown in vivo. We validated our 253 findings by both rescue experiments using modified cDNAs and in vivo LOF models in mice.
254 Furthermore, we suggest a modular gene network PMAN that controls rod spherule structure in 255 developing retina.
256
In vivo electroporation has become a widely used technique in retinal biology for 257 evaluation of photoreceptor phenotypes (29, 46, 47). The variables including age, litter size, sex 258 and precise site of injection have not been shown to affect the phenotypes we studied in this 259 report. As only actively dividing cells are primarily transfected by electroporation, we are 260 evaluating a subpopulation of rod photoreceptors that are still early in their developmental 261 trajectory. Transfection of one rod photoreceptor with reporter and RNAi molecule is 262 independent of all neighboring cells. Our analysis therefore captures a large number of 263 independent events in one experiment.
264
Complex morphogenic processes, such as acquisition of unique presynaptic structure, 12 266 components. We focused on NRL-mediated transcriptome changes because of its key role in 267 controlling rod cell fate and function and selected only genes that were also regulated by CRX 268 because of the synergy between NRL and CRX in activating rod differentiation (48).
269 Furthermore, CRX has recently been shown to regulate genes associated with active zone 278 synapse. We note that OPL patterning is also influenced by signaling from the post-synaptic rod 279 bipolar neurons (29). Elucidation of intrinsic molecular components, i.e., the members of the 280 PMAN, and their extrinsic regulators will permit us to investigate how photoreceptors integrate in 281 the neural circuitry of the developing retina (50), which in turn might help in designing better 282 photoreceptor replacement strategies for retinal degenerative diseases. Given the key roles of 283 NRL and CRX in rod photoreceptor development, we speculate that phenotypes beyond the two 284 assayed here are regulated by the genes studied here. Indeed, knockdown of some of the 285 genes also resulted in additional phenotypes (see Table S1 ); however, these morphological 286 changes were not investigated in detail.
287
Our approach to integrate knockdown screens with protein interactions, followed by 288 network analyses and prioritization, has allowed us to trace the connections and directionality of 289 morphogenesis-associated genes. The resulting network recapitulates previously-reported 290 interactions of photoreceptor genes and identifies key moderators like Ncoa2 that hold strategic 291 positions between other experimentally-identified genes and NRL. We hypothesize a model of 13 292 functional segregation in rod synaptogenesis where cell-fate determining factors (NRL and 293 CRX) control morphology of rod photoreceptors including synaptic architecture with co-294 regulators such as Ncoa2, Add1, Ywhae and Dpf3.
295
Beginning with two "omics" datasets and empirically-designed phenotypic screening 296 assays, we have been able to deduce the PMAN, a highly enriched network of synapse 297 components, from the large developing transcriptome datasets. Through iterative phenotype 298 screenings and genetic analysis, PMAN could yield a comprehensive molecular organization 299 underlying photoreceptor presynapse morphogenesis. Another approach to integrate genetics 300 with morphological differences and function is the use of recombinant inbred mouse strains by 301 identifying quantitative trait loci driving structural distinctions. The mouse strains would also 302 permit evaluation of functional implications of unique neuronal morphologies. Our studies thus 303 illustrate a framework of in vivo screening combined with a systems-based network approach in 304 deconstructing neural organization and phenotypes. Table S1 ) plasmids (500 ng/ul and 1,200 ng/ul, 683 (B) Developmental heat map of gene expression between rod and S-cone-like cells. Z-score 684 normalized gene expression of all 72 genes selected shows dramatic shift in expression 685 between P6 and P10 in rods but not cone-like cells.
686
(C) Gene filtering paradigm. Using available "omics" data, we narrowed total transcriptome 687 down to 72 candidates for the current screen. 
